Chapter 4
pH AND ALKALINITY

4.1 INTRODUCTION

The subjects of pH and alkalinity are becoming increasingly important
as society begins to deal with acidic precipitation. New models developed
to analyze effects of alternative controls on inputs of acidity to sensitive
aquatic enviromments use alkalinity as a state variable, then predict pH
from alkalinity (Gherini et al., 1984). Earlier models did not contain many
of the processes that affect pH, and their predictive capability was
adequate for some, but not all, environments (e.g. Henriksen, 1979). More
elaborate models now exist which take into account a more complete picture
of the constituents that comprise alkalinity in the dilute systems that are
at risk from acidic precipitation (organic acids, other non-carbonate weak
acids, etc.) and which compute other source-sinks of alkalinity and factors
that affect pH (Chen et al., 1984).

4.2 CARBONATE ALKALINITY SYSTEM

The carbonate system is of great importance in lakes, rivers, and
estuaries. Carbonate chemistry of-natural waters has been described in
detail elsewhere (Stumm and Morgan, 1970, 1981; Trussell and Thomas, 1971;
Park, 1969; Butler, 1982; Chen and Orlob, 1972, 1975). The carbon dioxide
(002) - bicarbonate (HCOE) - carbonate (CO%') equilibrium is the major
buffer system in aquatic enviromments. This equilibrium directly affects
the pH, which in turn can affect the biological and chemical constituents of
the system. For example, it may become necessary to simulate pH and
alkalinity in order to éompute the toxicant, un-ionized ammonia (see
Chapter 5), or to determine available concentrations of metals

(e.g., Gherini et al., 1984).
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Since algae use carbon dioxide as a carbon source during
photosynthesis, this is a nutrient which can reduce the growth rate when
alkalinity is low and other nutrients are high (Goldman, et al., 1972).
Most models include a carbonate system representation which calculates the
total inorganic carbon (TIC) as the sum of bicarbonate, carbonate, and
carbon dioxide. Carbon dioxide is assumed to be produced by respiration and
consumed by algal growth. The major source is atmospheric exchange.

The major chemical species considered to constitute alkalinity are
dissolved carbon dioxide, bicarbonate, and carbonate ion, together with the
hydrogen and hydroxyl ions. Mass balance equations assume that ionic
equilibrium exists and calculate carbon inputs and outputs from a pool of
total inorganic carbon (TIC). Conversions between different carbon forms
are based on stoichiometric equivalents. The carbon dioxide form is
involved in most of the important processes, including surface reaeration,
respiration, excretion, algal uptake, and organic decay reactions. However,
‘dissolved carbon dioxide combines with water to form carbonic acid, which,
in turn, dissociates to bicarbonate ion, carbonate ion, and hydrogen ion.
Since the dissociation reactions occur very rapidly in comparison to the
other biological and chemical processes, dissolved carbon is modeled as the
sum of CO, + HCO
(TIC).

2 3t CO%', and is referred to as total inorganic carbon

Dissolved inorganic carbon is derived from several sources. These
include surface reaeration; respiration by fish, zooplankton, benthic
animals, and algae; soluble excretion by fish, zooplankton, and benthic
animals; and the decay of organic matter in the form of detritus, sediment,
and sewage BOD. Dissolved carbon is removed by assimilation during algal
photosynthesis.

Conceptually, the_méss balance equation defining these relationships
for the EAM model (Tetra Tech, 1980) is expressed as follows:
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= detritus decay + sediment decay + fish respiration
+ benthic animal respiration + zooplankton respiration
+ algal respiration + fish excretion + zooplankton excretion
+ benthic animal excretion - algal assimilation
+ BOD decay + surface reaeration.

Although Equation (4-1) is a substantially complete picture of TIC
dynamics in an aquatic system, most models do not contéin the same degree of
complexity. However, whether multi-compartmented or few compartments, the
general aspects of the process are modeled similarly. Also, the inputs and
outputs can be based on CO2 with suitable stoichiometric conversions (e.g.,
Di Toro and Connolly, 1980) rather than TIC.

Surface reaeration of CO2 from atmospheric sources is done in a way
similar to oxygen (Section 3.2). However, only minimal effort to measure

233



€0, reaeration is necessary and literature values have been used (Emerson,
1975; Liss, 1973). Reaeration occurs only at the surface of the water body,
and is a function of the carbon dioxide saturation level. The saturation
concentration is a function of the water temperature as it affects the
Henry's law constant (KH) for computing COZsat:

o = K, pCO, (4-2)

2sat

"where pCO2 is the partial pressure of CO2 in the atmosphere (generally
0.00033 atmospheres is used) and

[2385.73 - 14.0184 + 0.0152642 TK]
10

_ T
Ky = MCO2 K (4-3)
where Mcoz = 44,000 mg/mole, CO2
TK = temperature in K = 273.15 + ¢
KH = Henry's law constant, mg/(1liter-atm)

After computing the total inorganic carbon according to the mass
balance in Equation (4-1), the dissolved carbon dioxide concentration is
calculated using relationships derived from the equilibrium constants of the
dissociation reactions. The reactions involved are:

- + -
H,C0, == HCO3 + H Ky (4-4)
[ = +
HC03-<----—CO3 + H K2 ,(4-5)
H0 = WY+ OH™ K, (4-6)
where the equilibrium constants are defined as
- +
Ky [reo; ][] (4-7)

[H2C03]
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R
K, = [H+] [ouf] ' (4-9)

The equilibrium constants Kl’ KZ' and Kw vary with temperature according to
the following relationships (Tetra Tech, 1979):

14.8435 - 0.032786 T, - (3404.71/TK)]
Ky = 10 ‘ (4-10).

6.498 - 0.02379 Ty - (2902.39/Ty) ]

KZ = 10 (4-11)
f35.3944 - 0.00835 TK - (5242.4/TK - 11.826 log (TK)]
K, = 10 ) (4-12)

_ In a carbonate system, the alkalinity (alk) is calculated according to
the mass balance equation:

alk = alkalinity = [Hcog] +2 [co;] + [ou'] - [H*] | (4-13)

" Other processes can affect alkalinity in aquatic systems. Addition of
acids and nitrification reduce alkalinity, and uptake of nitrate by algae
increases alkalinity. Because of the magnitude of the ammonia concentration
in waters receiving municipal effluents, nitrification can affect alkalinity
substantially, generating 2 equivalents of acid (H*) per equivalent of
ammonia oxidized (see Section 3.4). Similarly in eutrophic waters, nitrate
uptake can increase alkalinity by the production of approximately 1
equivalent of base (OH™) per equivalent of nitrate taken up by plant cells.
These corrections would be of consequence in low alkalinity waters (less
than 200 xeq/1), and would be applied to Equation (4-13).

Once the total inorganic carbon and alkalinity have been determined
using the mass balance equations (4-1, 4-13), the hydrogen ion concentration
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can be calculated by trial and error solution of the following relationship:

2K
1+ [—;% K,
1k = [TIC _LH S _y* (4-14)
; TR T
K, (W]

After [H+]is determined, it is substituted into the expression for COZ’
which can then be solved directly for the dissolved CO2 concentration:

co, = {r1c]
Kl Kl . K'Z
O v
(W] (']

(4-15)

Not all models compute inorganic carbon species or pH. Generally these
computations have been made primarily in lake systems where they are of
significance in acid precipitation or are used for additional model
verification as in Di Toro and Connolly (1980). In all cases, the
formulations are based on the above derivations, although the computation
details may differ from model to model. Water quality models that contain
the CUZ’ alkalinity, pH formulations include those discussed in the
following references:

Smith, 1978 WQRRS

Thomann et al., 1974 LAKE-3

Di Toro and Connolly, 1980 Lake Erie Model
Scavia, et al., 1976 Lake Ontario Model
Tetra Tech, 1980 EAM

WES, 1982 CE-QUAL-R1

4.3 EXTENDED ALKALINITY APPROACH

4,3.1 Definition of Extended Alkalinity

The mass balance equation (4-13) has ignored several H+-ion acceptors,
and is appropriate in many instances. In very low alkalinity waters,.
236 '



however, the concentration of these neglected H+-ion acceptors can be
significantly large. The neglected H -ion acceptors include organic
substances with carboxyl and phenolic hydroxyl groups, for example:

R-C00™ + H = R-COOH (organic acids) (4-16)
and the monomeric aluminum species and their complexes, for example,

AT(OH), + 24" = At + 20,0 , (4-17)

2

and
AR + 30 — a13* + HaR. (4-18)

An extended alkalinity relationship would include the alkalinity associated
with water itself, the carbonate system, the monomeric aluminum system and
its organic complexes, and dissolved organic acid anions. The dissolved
organic carbon alkalinity can be represented by a triprotic (H3R1) and/or
monoprotic (HRI) model organic acid with fixed dissociation constants and a
fixed number of acid-base functional groups per unit mass of carbon
( eq/mgC). The components of the total alkalinity, as represented by the
H -ion acceptors, are given below:

\ ; mgd (L - ) 4 v— —
water carbonate organic aluminum system
system acids
where
Alk, o = [OH7] - [H*] (4-20)
2
Alk. = [Hco ]+ 2[c0Z"] (4-21)
c 3 3
- - 2- 3-
A1|<Rl = [H2R1]+_ 2[WRy™ ]+ 3[R1 ] (4-22)
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Alkg, = [&; ] | (4-23)
Ak, = [A](OH)2+] + 2[A1(0H)£],+ 3[A1(0H)g] + 4[A1(0H);] (4-24)
Alkay.q = 3AT Ry + [AIR"] + 2[A1(Ry)7 ] + 3[MT(Ry)3) (4-25)

An alternative representation of solution-phase alkalinity, which is
mathematically equivalent to the above is given as follows,

Alk = Ek Zka ='2CB - ECA (4-26)

the sum of the base cations

2[c62+] + 2[Mg2+]+ [Na+] + [K+] + [NHZ] (4-27)

ZCA the sum of the strong acid anions

2[5042'] + [n03] +[c1'} (4-28)

The derivation is based on the mass balance equation and the solution
electroneutrality condition. Figure (4-1) shows the equivalence for
lakes in the State of Washington.

where ECB

4.3.2 Modeling Extended Alkalinity

The concept of extended alkalinity has been incorporated in a model
called PHCALC. This model was developed primarily for the ILWAS model
(Tetra Tech, 1983), and was later modified into an interactive FORTRAN
program to compute any one of the following options: pH, alkalinity, total
inorganic carbon (TIC) and "solution equilibration”. The solution
equilibration approach is similar to the approach for pH, except that
alkalinity can be adjusted for gibbsite precipitation or dissolution.
Table 4-1 shows the 1list of required parameters for any given option.

A1l the concentrations on the left-hand-side of Equations (4-20)
through (4-25) can be expressed in terms of ionization fractions and
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Figure 4-1. [ZCB- ECA] plotted against reported alkalinity
(from Gherini et al., 1984).

temperature-dependent dissociation constants. Fluoride and sulfate
concentrations are required for the determination of their complexations
with aluminum.

4.3.3 Equilibrium Constants and Solubility Products

The equilibrium constants used in PHCALC are obtained by first
expressing a thermodynamic temperature dependence for a related constant,

Ky: 239



TABLE 4-1. OPTIONS AND THEIR REQUIRED INPUT PARAMETERS FOR PHCALC

Options* Parameters Required to be Specified
pH - Alk, TIC or EQl’ A1T, OACI, OACZ, F, 5042', T
2.
Alk pH, TIC or EQl’ A]T or EQZ’ 0AC1, OACZ, F, SO4 , T
2.
TIC pH, Alk, A]T, or EQZ’ 0AC1, OACZ, F, SO4 s T
2-
EQ Alk, TIC or EQl, A]T, EQZ’ 0AC1, OAC2, F, SO4 s, T
Definition of Parameters:
Alk alkalinity
TIC total inorganic carbon
EQ equilibration of a solution with A](OH)3
A]T total aluminum
OAC1 total organic acid (1)
OAC2 total organic acid (2)
F fluoride concentration
5042' sulfate_concentration
T temperature, Oc
EQ1 ratio of TIC to air-equilibrated TIC (specified for open
system) '
EQ2 _ -log (Ksp) for A](OH)3 mineral or one of the following minerals

for the equilibration with gibbsite

AG - amorphous gibbsite (pKSp = 31.19)
MG - microcrystalline gibbsite (pKSp = 32.64)
NG - natural gibbsite (pKSp = 33.22)
SG - synthetic gibbsite (szp = 33.88)

*Options are the parameters to be computed
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logjq K; = a+ 2+ cT + dlog T (4-29)

The constants a, b, c and d are given as follows:

a b C d Reference
Kw 6.0875 -4470.99 -0.01706 0 Stumm & Morgan, 1981
K1 545.56 -17052 0.12675 -215.21 Loewenthal & Marais,
1978
K2 -6.498 2902.39 0.02379 0 Loewenthal & Marais,
1978
KH -14.0184 2385.73 0.0152642 0 Stumm & Morgan, 1981

Ky» Ki» and K, are dimensionless while Ky is in moles 1iter'1 atm'l.

KH has to be multiplied by RT to convert to a dimensionless form. R is the -
universal gas constant and T is the absolute temperature in degrees Kelvin
in the range of 273 K to 313 K.

The solubility products used in the equilibration with gibbsite were
shown earlier in Table 4-1.

4.4  SUMMARY

Two approaches have been presented for the re]ationéhip of total
inorganic carbon, alkalinity and pH. For waters with low dissolved organic
carbon (with Tittle color) and high alkalinity (alk >200ueq/1), the
conventional alkalinity definition is recommended. For waters with high
dissolved organic carbon and waters with alk <200 ueq/1 where the
alkalinities contributed by aluminum and organic acids are no longer
negligible, the extended alkalinity approach is recommended. The
equivalence between the expression Alk = ZCB - ECA and the extended
alkalinity definition provides a convenient tool in alkalinity evaluation.
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Chapter 5
NUTRIENTS

5.1 INTRQDUCTION

Certain elements are referred to as nutrients because they are
essential to the life processes of aquatic organisms. The major nutrients
of concern are carbon, nitrogen, phosphorus, and silicon. Siticon is
important only for diatoms, one of the major components of the algal
community. Other micronutrients such as iron, manganese, sulphur, zinc,
copper, cobalt, and molybdenum are also important. However, these latter
nutrients are not considered in water quality models because they are
required only in trace amounts and ‘they are usually present in quantities
adequate to meet the biochemical requirements of the organisms.

Nutrients are important in water quality modeling for several reasons.
For exampIe; nutrient dynamics are critical components of eutrophication
models since nutrient availablility is usually the main factor controlling
algal blooms. Algal growth is typically Timited by either phosphorus or
nitrogen, with the exception of diatoms which are often silicon limited.
Some blue-green algae can fix nitrogen and are therefore not 1imited by
nitrogen. Carbon is usually available in excess although in some cases it
may also be limiting. Carbon is also important because of its role in the
pH-carbonate system, as discussed in Chapter 4,

Nitrogen is important in water quality modeling for reasons other than
its role as a nutrient. For example, the oxidation of ammonia to nitrate
during the nitrification process consumes oxygen and may represent a
significant portion of the total BOD. Also, high concentrations of
unionized ammonia can be toxic to fish and other aquatic organisms.
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5.2 NUTRIENT CYCLES

Nutrients are present in several different forms in aquatic systems:
. dissolved inorganic nutrients .
dissolved organic nutrients

particulate organic (detrital) nutrients

sediment nutrients

biotic nutrients (algae, aquatic plants, zooplankton, fish,
benthic organisms)

Only the dissolved inorganic forms are available for algal growth. These
include dissolved COZ’ ammonia, nitrite, and nitrate nitrogen,
orthophosphate, and dissolved silica.

Each nutrient undergoes continuous recycling between the majar forms
listed above. For examp]e; dissolved inorganic nutrients are removed from
the water column by algae and aquatic plants during photosynthesis. These
nutrients are distributed to the other aquatic organisms through the food
web. Dissolved inorganic nutrients are returned to the water through the
soluble excretions of all organisms, the decomposition of organic detritus
and sediments, and the hydrolysis of dissolved organic nutrients. In
addition, dissolved CO2 and N2 gases exchange with the atmosphere.
Suspended particulate nutrients are generated through the particulate
excretions of aquatic animals and the death of planktonic organisms.
Organic detritus and phytoplankton which settle to the bottom contribute to
the sediment nutrients. Decomposition of suspended organic detritus and
organic sediment releases both dissolved organic and dissolved inorganic
nutrients to the water.

Many of the above interactions are shown in Figure 5-1 for carbon,
nitrogen, and phosphorus and in Figure 5-2 for silicon. Figures 5-3 and 5-4
present more detailed descriptions of the nitrogen and phosphorus cycles.

In addition to the internal recycling of nutrients within the
waterbody, nutrients are also introduced through wasteloads (both point and
nonpoint sources), river or tributary inflows, runoff, and atmospheric

precipitation. 245
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Figure 5-1. Nutrient interactions for carbon, nitrogen, and phosphorus
(from Tetra Tech, 1979).
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5.3 GENERAL MODELING APPROACH FOR ALL NUTRIENTS

Nutrient dynamics are governed by the following processes:

e ‘dissolved inorganic nutrients

photosynthetic uptake

excretion

chemical transformations (e.g., oxidation of NH3)

hydrolysis of dissolved organic nutrients

detritus decomposition

sediment decomposition and release
external loading

DIATOMS
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GROWTH Si — si e}
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Sery. R
Ling I
SEDIMENT
Si
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Figure 5-2. Nutrient interactions for silica (from Tetra Tech, 1979).
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° dissolved organic nutrients
- excretion
hydro1ysis
detritus decomposition
sediment decomposition and release

external loading

] particulate organic nutrients

- particulate excretions
plankton mortality
decomposition

settling

zooplankton grazing

external loading

° sediment nutrients
- detritus settling
- algal settling

- sediment decomposition and release

Only processes affecting the abiotic forms of nutrients are discussed in
this chapter since the biotic components of water quality models are
discussed in Chapters 6 (Algae) and 7 (Zooplankton).

Nutrients are modeled by using a system of coupled mass balance
equations describing each nutrient compartment and each process listed

above, plus the transport processes of advection and dispersion discussed in
Chapter 2. The general equations for each nutrient, omitting the transport

and external loading terms, can be expressed as follows:

dissolved inorganic nutrients:

ds _ .
R= -V +fie +K S - KyS+K S

org “org +f

S

2 Kdet Sdet

*+ f3 Ked Ssed (5-1)
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dissolved organic nutrients:

ds

org _ _
g - (1-f)e- Korg Sorg * (1= ) Kyet Sget

+ (1 - f3) Ksed Ssed

particulate organic nutrients:

det o Ly iy s - 6
dt p p det “det

Ks Sdet T Yz

sediment nutrients:

where S
S

Sorg
Sdet

N R O»

ta

< X XN X

sed

org
det

sed

Bsed _ K S.& +A -K_. S
dt s 2dét S sed “sed

dissolved inorganic nutrient concentration, mass/volume
another inorganic form of the nutriént which decays to the
form S (e.g., NH, N03), mass/ volume o
dissolved organic nutrient concentration, mass/volume
suspended particulate organic nutrient concentration,
mass/volume

organic sediment nutrient concentration, mass/volume
transformation rate of S' into S, 1/time

transformation rate of S into some other dissolved
inorganic form of the nutrient, 1/tite

hydrolysis rate of dissolved organic nutrient, 1/time
decomposition rate of particulate organic -nutrient, 1/time
decomposition rate of organic sediment nutrient, 1/time
settling rate for particulate organic nutrient, 1/time
photosynthetic uptake rate for nutrient S, mass/volume-
time

soluble excretion rate of nutrient by all organisms,
mass/volume-time

fraction of soluble excretions which are inorganic
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f = fraction of detritus decomposition products which are
immediately available for algal uptake

f3 = fraction of sedimgnt decomposition products which are
immediately available for algal uptake
ep = particulate excretion rate of nutrient by all animals,

mass/volume-time
= total rate of plankton mortality, mass/volume-time
G = detritus grazing rate by zooplankton, mass/volume-time
= algal settling rate to sediment, mass/volume-time

Note that all of the transformations between the various abiotic
nutrient compartments are described by first-order kinetics. This approach
is used in almost all water quality models. Nutrient models differ
primarily in the specific nutrients simulated (i.e., C, N, P, and Si) and in
the number of compartments used to describe each nutrient cycle (i.e.,
dissolved inorganic forms such as NH3, N02, and NO3; dissolved organic
components; particulate organic components; sediments; and biotic components
such as algae and zooplankton).

For example, many models omit carbon since it does not limit algal
growth in most situations. Silicen is generally modeled only when diatoms
are simulated as a separate phytoplankton group.

The nutrient cycles are often simplified by combining or omitting some
of the forms described above. For example, many models do not simulate
sediment nutrients explictly with a mass balance equation such as
Equation (5-4). Instead, user-specified sediment fluxes are specified in
Equations (5-1) and (5-2). Dissolved organic nutrients are also left out of
most models. In these cases, the decomposition products of the detritus and
sediments as well as -all soluble excretions go directly to the dissolved
.‘1norganic nutrient compartments. This in effect combines the suspended
particulate and dissolved organic compartments into & single "unavailable"
nutrient compartment which decays to produce available inorganic forms.
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Nitrogen models also differ in the forms of inorganic nitrogen which
are included, as well as in some of the processes modeled. For examp]é,
some models include only ammonia and nitrate, rather than the full oxidation
sequence of ammonia to nitrite to nitrate. While most models include the
nitrification reactions, only a few include denitrification. Also, only a
few models include nitrogen-fixation by blue-green algae.

Sediments and particulate organic detritus are often modeled as single
compartments, rather than having a separate compartment for each nutrient.
In this case, the corresponding compartments for each nutrient are
determined from the product of the total sediment and detritus
concentrations and the stoichiometric ratios for each nutrient. The
stoichiometric ratios are generally the same as those used for algae (see
Section 6.3 of Chapter 6) so that mass is conserved during nutrient
recycling.

Table 5-1 presents a comparison of the various nutrient forms included
in several models. Transformation processes and the corresponding rate
coefficients for each specific nutrient are discussed below, along with
model formulations for nutrient uptake, excretion, and sediment release.
Formulations for plankton mortality and zooplankton grazing are discussed in
Chapters 6 and 7. Settling formulations for particulate organic detritus
are essentially the same as the simplest formulations used for phytoplankton
settling described in Chapter 6 (i.e., the settling rate equals the user-
specified settling velocity divided by the depth of the model segment).

5.4 TEMPERATURE EFFECTS

Temperature influences the rates of all of the nutrient transformation
processes discussed above. A1l of the first-order rate coefficients in
Equations (5-1) through (5-4) are therefore temperature dependent. Almost
all models use the exponential Arrhenius or van't Hoff relationship to
describe these effects. A reference temperature of 20°C is usually ésSumed
when specifying each rate coefficient, resulting in the following equation:
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| TABLE 5-1. COMPARISON OF NUTRIENT MODELS

il
e

5 Nutrients Modeled Nutrient Forms Inorganic Nitrogen Forms
1; Madel Disivd. Dislvd. Partic. Sedi- Zoo~ Other Total
jf (Author) [ N P Si | Inorg. Organic  Qrganic ments Algae plankton Organisms KHy Noz NO3 Avail References
i AQUA-TV X X X N X X X X X X X Baca & Arnett (1976)

; CE-QUAL-R1 X X X ‘ X X X X X X X X X WES (EWQOS) (1982)
CLEAN X X X X X X X X X X X Bloomfield et al. (1973)
; CLEANER X X X X X X X X X X X Scavia & Park {(1976)

, MS.CLEANER | X X X X X X X X X X X X Park et al. (1980)

: ‘ OEM X X X X" X X X X Feigner & Harris (1970)

DOSAG3 X X X X" X X X X Duke & Masch (1973)
3 EAM X X X X X X X X X X X X X Tetra Tech (1979, 1980)

ESTECO XXX X X X X X X X X X Brandes & Masch (1977)

' EXPLORE-1 X X X X X P X X X X X Baca et al. (1973)

i N MSPF X X X X X 'y X X X X X Johanson et al. (1980)

' £ e XXX X X X X X X X X X Chen & Orlob (1975)
MIT Network X X N X X X X X Harleman et a1. {1977)
QUAL-11 X X X X X X X X ~ Roesner et al. (1981)
RECEIV-11 X X X X X X X Raytheon (1974)

. SSAM IV X X X X X X Grfnney & Kraszewski (1981)
WASP X X X X X X » X X X X X Di Toro et al. (1981)
WORRS X X X X X X X X X X X X Smith (1978)
Bierman X X X X . X X X X Bierman et al. (1980)
Canale X X X X X X X X X X Canale et al. (1975, 1976)
Jorgensen X X x X X X X X X Jorgensen (1976)
Lehman X X X X X : X Lehman et al. (1975)
Kyholm X X X X X X X Nyholm (1978)
Scavia X X X X N X X X X X X Scavia et al. (1976)

.Specify flux.



- 6 (T-20)
Ky = Kog 5-5)

where KT = rate coefficient at temperature T, 1/time
T = temperature, %
Ko = rate coefficient at 20°C, 1/time
6 = temperature adjustment coefficient

This relationship is derived in Section 3.3 of Chapter 3.

A few models use different temperature adjustment formulations. For
example, Canale (1976) uses a linear relationship and Grenney and Kraszweski
(1981) use a logistic equation as a temperature adjustment function.

5.5 CARBON TRANSFORMATIONS

Table 5-2 presents rate coefficients for carbon decay processes along
with the corresponding temperature adjustment factors. As shown in the
table, these coefficients have a broad range, indicating a lack of detailed
process characterization. Process characterization has been neglected in
carbon models since the relationship of carbon dynamics to water quality
modeling has not been considered essential. In fact, most water quality
models do not include carbon since it is not usually a limiting nutrient.
In the Lake Erie version of WASP (Di Toro and Connolly, 1980), the rate of
decay of particulate organic carbon to CO2 has been further reduced by using
a saturation relationship (Di Toro and Connolly, 1980). However, the decay
rates in all other models are computed according to the first-order kinetics
discussed above.

Most of the temperature adjustment factors in Table 5-2 range from 1.02
to 1.047, corresponding to 010 values ranging between 1.2 and 1.6. The
exception is the Lake Erie WASP model (Di Toro and Connolly, 1980), which
uses a temperature correction factor of 1.08 (Q10 = 2.16) for decay of
settled algae and sediment organic matter. Also, the decay rate constants
for these compartments are generally higher than those ‘used in other models.
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TABLE 5-2. RATE COEFFICIENTS FOR CARBON TRANSFORMATIONS

POC -~ €O, soC + €0, SA + SOC SA + €0, References
K 0 K o K 0 K (]
0,14 1.04 0.00025 1.08 0.02 1.08 0.02 1.08 Di Toro & Connolly (1980)
0.05 1.045 0'Connor et al. (1981)
0.001 1.02 0.001 . L.02 Chen & Orlob (1972, 1975)
0.003 1.020 0.0015 1.047 Tetra Tech (1980)
n 0.02 1.020 0.001 1.020 Bowie et al. (1980)
< 0.1 1.047 0.0015 1.047 Porcella et al. (1983)
0.005-0,05** 1.02-1,04%%* 0.001-0,01%**  1,02-1,04%** Smith (1978)
0.001-0,02%** 1,040+ 0.001-0,02%** 1.040%** | Brandes (1976)

*Abbreviations are defined as follows:

POC - Particulate Organic Carbon
CO2 - Carbon Dioxide

SOC - Sediment Organic Carbon
SA - Settled Algae 0

2
**This rate is multiplied by an oxygen limitation factor, Kl+02, where Kl is a half-saturation constant for oxygen.
***Mode]l documentation values.



5.6 NITROGEN TRANSFORMATIONS

Nitrogen dynamics are modeled in a considerably more complex manner
than carbon because of their substantial biogeochemical role, important
oxidation-reduction reactions, and because other important water quality
variables such as oxygen are affected by nitrogen. The processes that are
" simulated in water quality models include:

0 Ammonification - release of ammonia due to decay processes
(deamination, hydrolysis).

0 Nitrification - oxidation of ammonia to nitrate (NOS)
directly (one-stage process) or to nitrite (NOE) and then to
nitrate {two-stage process). Nitrification is discussed in
detail in Section 3.4 of Chapter 3 in reference to its
.effects on dissolved oxygen.

) Denitrification - reduction of nitrate to N2 under anaerobic
conditions. This process also produces NZO ( 10 percent of
total reduced), but since NZO has not been shown to have an
appreciable effect on water quality, NZO production has not
been modeled.

(] Uptake - accumulation of inorganic nitrogen by plants during
photosynthetic growth; Both ammonia and nitrate are
accumulated, with prefeFence for ammonia over oxidized forms,
although not all models include this preference.

° Nitrogen fixation - reduction of N2 to ammoniated compounds.
Nitrogen fixation by blue-green algae is an important
external input of nitrogen accumulation in waterbodies that
materially affects nitrogen dynamics. However, uptake of
inorganic ions takes precedence ovér nitrogen fixation.
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In addition to the above processes, unionized ammonia can play a significant
role as a toxicant depending on the ammonia concentration, pH, and
temperature.

“"Table 5-3 presents rate coefficients for the major nitrogen decay and
abiotic transformation processes along with the corresponding temperature
ajdustment factors. The decay processes shown include breakdown of complex
organic compounds (particulate organic nitrogen, PON) to simpler organics
(dissolved organic nitrogen, DON) or to ammonia, the breakdown of sediment
nitrogen to ammonia, and the oxidation of ammonia to nitrate. Rate
constants for ammonia decay to nitrite and then to nitrate or from ammonia
to nitrate directly are approximately commensurate as an overall rate
process. The rate coefficients for some of the decay processes in some
versions of WASP are further reduced by saturation kinetics (Di Toro and
Connolly, 1980; Di Toro and Matystik, 1980; Thomann and Fitzpatrick, 1982;
0'Connor et al., 1981). For example, the decay of particulate organic
nitrogen to ammonia is reduced as chlorophyll a decreases, and the
nitrification rate is reduced as dissolved oxygen decreases, according to
saturation kinetics.

The temperature adjustment factors have a wide range of values,
indicating some uncertainty in this coefficient. The Q10 values generally

range from 1.2 to 2.4, but with one value as high as 3.7.

5.6.1 Denitrification and Nitrogen Fixation

Both of these processes affect the mass balance of nitrogen because
nitrogen is transported to (denitrification) or from (nitrogen fixation) the
atmosphere rather than recycling within the water. Although both processes
have been shown to be important in certain aquatic environments,
denitrification is not commonly included in models. HSPF (Johanson et al.,
1980), CE-QUAL-R1 (WES, 1982), Jorgensen (1976), AQUA-IV (Baca and Arnett,
1976), and some versions of WASP (Di Toro and Connolly, 1980; Thomann and
Fitzpatrick, 1982; 0'Connor et al., 1981) include denitrification.
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TABLE 5-3. RATE COEFFICIENTS FOR NITROGEN TRANSFORMATIONS

PON -+ DON DON ~ ““3 PON ~ NN3 NHJ - N02 . Hﬂa + uo3 noz - n03 SEDN - un3 References
K ] K (] 4 (] K ) K ) K ] X ] N
Calibration Values
0.035 (1inear) 0.04 (Vinear) Thomann et al. (1975)
0.03%* 1.08 Thomann et al. (1979) o
0,039+ 1.08 0.12%+ 1.08 0.0028 1.08 Di Toro & Connolly (1980)
0,03%w 1.08 0.20 1.08 01 Toro & Matystik (1980)
0.075 1.08 0.09-0.13*** 1,08 0.0004 1.08 Thomann & Fitzpatrick (19682)
0.0259+* 1.08 0 Connor et a1. (1981)
0.14 (Vinear) . Salas & Thomann (1978)
0.001 1.02 0.003-0,03 1.02 0.09 1.02 0.00) 1.02  Chen & Orlob (1972, 1975)
0.020 (linear) 0,020 (linear) 0.060 (Vinear) Scavia et al. (1976)
0.020 (linear) 0.020 (linear) 0.1 {Vinear) Scavia (1980)
0.02 1.020 0.02 1.020 0.1 1.020 Bowle et al. (1980)
0.02 (linear) 0.024 (linear) 0.16 (Vinear) Canale et. al. (1976)
0.003 1.020 0.02 1.047 0.25 1.047 0.0015 1.047 TYetra Tech (1980)
0.1 1.047 0.02 1.047 0.25 1.047 0.0015 1.047  Pporcella et al. (1983)
0.01** NI ’ 0.95-1.8*** 1.14  Nyholm (1978)
0.005%* 1.08 ) ) Bierman et al. (1980)
0.1% 1.02

Jorgensen -(1976)

0.2** 1.072 Jorgensen et al. (1978)

(continued)




TABLE 5-3. (continued)
PON + DON DON - NH, PON ~ NHy Ny uoz m3 - uo, n, ll)s SEON + uu, References
[ [} K [} X [} X [ K [] K [ X [
Model Documentation Values
0.1-0.4 Nl 0.1-0.5 NI 5.-10 NI Baca et a). (1973)
0.02-0.04 1.02-1.09 0.1-0.5 1.02-1.09 3.-10. 1.02-1.09 0.01-0.1 1.02-1.09 Baca & Arnett (1976)
0.1-0.5 1.047 0.5-2.0 1.047 Duke & Masch (1973)
0.1-0.5 1.047 0.5-20 1.047 Roesner et al. (1978)
0.005-0.05 1.02-1.04 0.05-0.2 1.02-1.03 0.2-0.5 1.02-1.03 0.001-0,01 1.02-1.04 Smith (1978)
0.001-0.02 1.040 0.05-0.2 1.02 0.2-0.5 1.02 0.001-0.02 1.040 Brandes (1976)
:;3 0.04-3.0 (logistic) Gremaney & Kraszewski (1981)
© 0.001-1.3+%*+ NI Collins & Wlosinski (1983)
*Abbreviations are defined as follows:
NI - Ho Information
PON - Particulate Organic Nitrogen
DON - Dissolved Organic Nitrogen
SEON - Sediment Organic Nitrogen
**inavailable nitrogen decaying to algal-available nitrogen.
. €hl a
***+Di Toro & Connolly (1980) and Di Toro & Matystik (1980) sultiply the PON IN3 rate by a chlorophyll limitation factor, Kl#Cﬁl a,
where K, is half-saturation constant = 5.0 pg CHa a/1. 0
2
Di Toro & Connolly {1980) and Thomann & Fitzpatrick (1982) multiply the MH; MO, rate by an oxygen limitation factor, Kz?ﬁz, where

K, is a half-saturation constant = 2.0 ngOZ/l.

. 2
0'Connor et al. (1981) multiply the NH3 N03 rate by an oxygen limitation factor, Ka'ﬁz. where Ky is a half-saturation constant

= 0.5 mg0,/1. -
Nyholm (1978) uses a sediment release constant which is multiplied by the total sedimentation rate of algae and detritus.

*hanl jterature value.



Denitrification rates and the corresponding temperature adjustment
coefficients are listed in Table 5-4. The decay rates for the WASP model
are further modified according to a saturation type relationship based on
the dissolved oxygen';oncentration. The rate decreases rapidly as 02
increases above 0.01 mg/1. This rate would be equivalent to that of
Jorgensen (1976) when 02 = 5 mg/1. This indicates disagreement in
conceptualization of the process or in its quantitative response between the
two models. Sediment nitrate denitrification helps decrease the gradient of
the sediment oxygen demand (SOD) and may lead to a reduced requirement for
SOD (see Chapter 3.5; also, Di Toro, 1984).

Nitrogen fixation by blue-green algae is modeled by assuming that
growth is not limited by nitrogen and that nitrogen fixation makes up for
all nitrogen requirements which cannot be satisfied by ammoni9 and nitrate.
Some type of saturation relationship is typically used té partition the
nitrogen requirements between nitrogen fixation and uptake of ammonia and
nitrate. The major features of these relationships are as follows: 1) no
fixation occurs when ammonia plus nitrate are above some critical threshold
concentration; 2) for concentrations below the threshold, nitrogen fixation
increases as ammonia and nitrate decrease; and 3) when ammonia and nitrate
become very low, all of the nitrogen requirements are supplied by fixation.
Nitrogen fixation is included in the EAM (Tetra Tech, 1979), Scavia et al.
(1976), Canale et al. (1976), and Bierman et al. (1980) models.

5.6.2 Unionized Ammonia

Although nitrogen is an important nutrient required by microorganisms,
plants, and animals, certain forms such as unionized ammonia (NH3) can be
toxic. Unionized ammonia is toxic to fish at fairly low concentrations.
For example, water quality criteria ranging from 0.0015 to 0.12 mg N/1 for
the 30-day average concentration have been suggested (USEPA, 1984). This
range exists because the biological response varies at different temperature
and pH values.

Both analytical measurement techniques and most model formulations for

ammonia are based on total ammonia:
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TABLE 5-4. RATE COEFFICIENTS FOR DENITRIFICATION

Nitrate -~ Nitrogen Gas References
K 0
0.1* 1.045 Di Toro & Connolly (1980)
0.1%** 1.045 | ’ Di Toro & Cbnno]]y (1980)
0.09* 1.045 Thomann & Fitzpatrick (1982)
0.1%* 1.045 0'Connor et al. (1981)
0.002 No Information‘ Jorgensen (1976)
0.02-0.03 No Information Jorgensen et al. (1978)
0.-1,0%** 1.02-1,09%*** Baca & Arnett (1976)
K1

*This rate is multiplied by an oxygen limitation factor, K1+02, where K1
is a half-saturation constant = 0.1m902/1.

‘**The same rate applies to sediment NO3 dentrification.

***Mode] documentation values.

+
3+ Niy (5-6)

X = total ammonia = NH
The concentrations of NH3 and NHZ vary considerably over the range of pH and
temperature found in natural waters, but each can be readily calculated
assuming that equilibrium conditions exist (Stumm and Morgan, 1981).
Unionized ammonia exists in equilibrium with ammonia ion and hydroxide ion

' (Emerson, et al., 1975): ’

+ -
NHy(g) + nH,0 = NH3:nH,0 = NH, + OH™ + (n-1) H,0 (5-7)

The reaction occurs rapidly and is controlled largely by pH and temperature.
Thus, unionized ammonia is calculated from the equilibrium expression:
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(NHz) (OH7) (NHy)K
Ki = TNHJTRL0) = oo (5-8)
310 oumg) (")

Rearranging and taking the negative logarithm:

log TNHET = pKw - pKi ~ pH (5-9)

The quantity pKh is called the hydrolysis constant. Substituting and taking
the inverse logarithms,

X - NH3 (pKh—pH)
—N'H3— =10 =R . (5-10)
and solving for NH;,
X
NHy = 57 (5-11)

Thurston et al., (1974) determined the temperature correction for the
hydrolysis constant as follows:

pK, = 0.09018 + 2729.92/T (5-12)

h

where T = absolute temperature, %

Substituting this relationship into Equation 5-7, unionized ammonia in
moles/1iter becomes a function of measured ammonia, temperature, and pH.
Most water quality models predict the concentration of measured ammonia (X)
in units of weight/volume as a resultant of processes of nitrification,
ammonification, respiration, and assimilation. For NH3-N, there are
14,000 mg/mole and

4000 (X
NHy-N, mg/1 = 17000 (5-13)
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Although more cumbersome, a table of equilibrium values for unionized
ammonia can be used in a model (e.g., USEPA, 1984). Figure 5-5 illustrates
the relationship between pH, water temperature, and unionized ammonia.
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Figure 5-5. Effect of pH and temperature on unionized ammonia
(from Willingham, 1976).
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5.7 PHOSPHORUS TRANSFORMATIONS

Table 5-5 presents rate coefficients and temperature correction factors
for the various phosphorus transformation processes included in water
quality models. The transformations include the decay of particulate
organic phosphorus (POP), sediment phosphorus (SEDP), and settled algae (SA)
directly to P04—P or into intermediate forms (dissolved organic phosphorus,
DOP) before decaying to P04-P. The decay rates have a broad range,
indicating some uncertainty in quantifying these processes. Similarly,
there is a broad range in temperature coéfficients, with a 010 range from
1.2 to 2.4, except for a 010 value of 3.7 for Nyholm (1978). Several of
the WASP models adjust the phosphorus decay rates using a saturation
equation based on algal biomass (Di Toro and Connolly, 1980; Di Toro and
Matystik, 1980; Salisbury et al., 1983; Thomann and Fitzpatrick, 1982). 1In
the case where chlorophyll a is used to estimate algal biomass, the half-
saturation constant is 5.0 g/1, and where carbon is used to estimate algal
biomass, the value is 1.0 mgC/1.

5.8 SILICON TRANSFORMATIONS

Silicon can be Tlimiting only for diatoms, so its biogeochemical cycle
is simulated only when diatoms are modeled as a separate algal group.
Diatoms are important because of their role in phytoplankton succession,
their role in aquatic food chains, and their potential effects on water
treatment plants. Table 5-6 presents decay rates and temperature adjustment
coefficients for silicon. In contrast to the other nutrients, particulate
and sediment silicon decay directly to dissolved inorganic silicon rather
than passing through a dissolved organic phase. The range of the first-
order decay rates for particulate silica decay is 0.003-0.1 (1/day). The
temperature adjustment factor varies between 1.02 and 1.08, corresponding to
a 010 range of 1.2 to 2.2.
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TABLE 5-5.

RATE COEFFICIENTS FOR PHOSPHORUS TRANSFORMATIONS

Sediment Sediment
POP + DOP POP + PO, . SEDP + PO, boP + PO, -+ DOP References
LB [} K [] K [ 3 ¢ K a
0.14 {11near) Thomann et al. (1975)
0.03 1.08 Thomann et al. (1979)
0.03** 1.08 Di Toro & Connolly (1980
Di Toro & Matystik (1980
Salisbury et al. (1983)
0.22*+ 1.08 0.0004 1.08 0.0004 1.08 0.02 1,08 Thomann & Fitzpatrick (1982)
0.14 (linear) Salas & Thomann (1978)
0.001 1,02 0.00} 1.02 Chen & Orlob (1972, 1975)
0.02 (1inear) Scavia et al, (1976)
Scavia [T980)
0.2 (linear) Canale et al. (1976)
0.003 1.020 0.0015 1.047 Tetra Tech (1980)
0.02 1.020 0,001 1.020 Bowle et al. (1980)
0.1 1.047 0.0015 1.047 Porcella gt al. (1963)
0.1 1.14 1.0-1.7 1,144 Nyholm (1978)
0.005 1.08 Bierman et al. (1980)
0.1 1.02 0,0018 1,02 Jorgensen (1976)
0.5-0.8 1.072 Jorgensen et al. (1978)
0.1-0,7%** 1.02-1,09%¢* 0.1-0,74+ 1.02-1,09%** Baca et al. (1973)
0.1-0,74*+ 1.02-1,09%e¢ ) Baca & Arnett (1976)
0.005-0.05%** 1.02-1,04*** 0.001-0,01%**  1,02-1,04*** Smith (1978)
0.001-0,02#** 1.040%** Brandes (1976)
‘Abbreviations are defined as follows:
POP - Particulate Organic Phosphorus SEDP . Sediment Organic Phosphorus
DOP - Dissolved Organic Phosphorus - Settled Algae
Po - Phosphate Cht a
**Di Torn & Connolly (1980), Di Toro & Matystik (1980) and Salisbury et al. (1983) multiply this rate by a chlorophyll limitation factor, Kltml a,
where KI is a half-saturation constant = 5.0 ug Chl a/}.

al-
Thomann & Fitzpatrick (1982) multiply this rate by an algal carbon Vimitation factor, i ﬂg_al—f where K, is a half-saturation constant = 1.0mgC/1.

Nyholm (1978) utilizes a sediment release constant which is multiplied By total sediuenutlon of algae and detritus,
*4*Mode| documentation values,
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TABLE 5-6.

RATE COEFFICIENTS FOR SILICA TRANSFORMATIONS

Particulate , Dissolved

Sediment _, Dissolved

Silica Silica Silica Silica References

K 0 K 8
0.0175 1.08 Thomann et al. (1979)

0.1 1.08 Di Toro & Connolly (1980)

0.04 (1linear) Scavia (1980) ‘
0.03 (1inear) Canale et al. (i976)
0.003 1.020 0.005 1.047 Tetra Tech (1980)
0.01 1.020 0.001 1.020 Bowie et al. (1980)
0.04 1.047 0.0015 1.047 Porcella et al. (1983)
0.005 1.08 Bierman et al. (1980)




5.9 ALGAL UPTAKE

Two major approaches are used to simulate nutrient uptake by algae in
water quality models. The most common method is the fixed stoichiometry
approach in which the nutrient composition of the algae is assumed to remain
constant. Under this assumption, the nutrient uptake rates are equal to the
algal gross growth rate times the corresponding nutrient fractions of the
algal cells:

VS =a m A (5-14)
where VS = uptake rate for nutrient S, mass/volume-time
a, = nutrient fraction of algal cells, mass nutrient/mass algae
i = gross growth rate of algae, 1/time
A = algal concentration, mass/volume

This formulation is used in all fixed stoichiometry models, Typical values

of the nutrient compositions of algae are given in Tables 6-2 to 6-4 of
Chapter 6. Algal growth formulations and the corresponding model

coefficients are discussed in Section 6.4 of Chapter 6.

The second approach to modeTing nutrient uptake is the variable
stoichiometry approach. In this method, the internal nutrient composition
of the algal cells varies with time depending on the external nutrient
concentrations in the water column and the relative rates of nutrient uptake
and algal growth. The uptake rate depends on the difference between the
internal nutrient concentration in the algal cells and the external
concentration in the water. The internal concentration of each nutrient is
assumed to range between a minimum stoichiometric requirement (called the
minimum cell quota or subsistence quota) and some maximum internal
concentration. In general, the uptake rate increases both as the external
nutrient concentration increases and as the internal nutrient concentration
decreases toward the minimum cell quota. However, the uptake rate decreases
as the internal concentration approaches the maximum internal level,
regardless of the external concentration in the water.
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In contrast to fixed'stoichiometry models, the uptake formulations
used in variable stoichiometry models vary from model to model. Some models
even use different formulations for different nutrients. Variable
stoichiometry formulations for nutrient uptake are discussed in
Section 6.4.4.3 of Chapter 6, since nutrient uptake is an integral-part of
the algal growth formulations in variable stoichiometry models. The major
formulations are given in Equations (6-63) to (6-67).

5.9.1 Ammonia Preference Factors

“Since algae use two forms of nitrogen, ammonia and nitrate, during
uptake and growth, many models use ammonia preference factors in the uptake
formulations to account for the fact that algae tend to preferentially
uptake ammonia over nitrate. Ammonia preference factors are generally used
in fixed stoichiometry models when both ammonia and nitrate are simulated.
In this case, the uptake equations for ammonia and nitrate become:

VNH3 =B NH3 ay M A (5-15)
and ,
VN03 = (1 - BNH3) dN KA (5-16)
where VNH = ammonia uptake rate, mass/volume-time
3
VNH = nitrate uptake rate, mass/volume-time
3
BNH = ammonia preference factor
ay = nitrogen fraction of algal cells

Ammonia preference factors are generally not needed in variable
stoichiometry models since separate formulations with different coefficients
can be used to distinguish between ammonia and nitrate uptake rates.

The ammonia preference factor NH partitions the nitrogen uptake
required for a given amount of algal growth between ammonia and nitrgte.

The preference factor can range from 0 ta 1, with 1 corresponding to a
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situation in which all the nitrogen requirements are obtained from ammonia
uptake, and 0 corresponding to a situation in which all the nitrogen is
obtained from nitrate. The value of the preference factor is generally a
function of the ammonia and nitrate concentrations in the water.

The simplest form of the ammonia preference factor assumes there is

no preference for either form of nitrogen and partitions the uptake
according to the relative proportions of ammonia and nitrate in the water:

NH, = NF + WO, (5-17)

where NH3 ammonia concentration, mass/volume
NO3 nitrate concentration, mass/volume

This approach is used in EXPLORE-1 (Baca et al., 1973), LAKECO (Chen and
Orlob, 1975), WQRRS (Smith, 1978), CE-QUAL-R1 (WES, 1982), EAM (Tetra Tech,
1979), ESTECO (Brandes, 1976), and earlier versions of WASP (Thomann et al.,
1975).

Other models which assume there is a preference for ammonia uptake have
used the following formulations for the preference fa;tor:

Y1 N (5-18)

BNn, = v, WA+ WO,
W3 (5-19)

B, = 7, 7 WA

¥, NH
_ 3 NH; 20
BNH3 = ¥, WS+ (1 - 7;) WO, (5-20)
BNu, = NHNH?’— NUbio—i—‘ * {wm Nl:3NO y 1/4N0 (5-21)

NH 3t Yy\MN3* 7 3+ NO3J\7, * NO;

where Y{s Yo» Y3s ¥y = coefficients in ammonia preference .factor
| formulations
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Equation (5-18) is used in SSAM IV (Grenney and Kraszewski, 1981) and Scavia

et al. (1976), Equation (5-19) in an early Lake Erie WASP model by Di Toro

et al. (1975), Equation (5-20) in AQUA-IV (Baca and Arnett, 1976) and Canale

et al. (1976), and Equation (5-21) in more recent versions of WASP by
Thomann and Fitzpatrick (1982) and 0'Connor et al. (1981).

5.10 EXCRETION

Nutrient ekcretion by algae and zooplankton is one of the major.
components of nutrient recycling. In almost all models, nutrient excretion
is modeled as the product of the respiration mass flux and the nutrient
stoichiometry of the organisms. The equations for algal excretion and
zooplankton excretion are:

ea = %4 a A (5-22)
and
e, =, T, z , (5-23)
where e, = algal excretion rate of nutrient S, mass/volume-time
e, © zooplankton excretion rate of nutrient S, mass/volume-time
a, = nutrient fraction of algal cells, mass nutrient/mass algae
ag, = nutrient fraction of zooplankton, mass nutrient/mass
zooplankton
rq = algal respiration rate, 1/time
r, = zooplankton respiration rate, 1/time
A = algal concentration, mass/volume
Z = zooplankton concentration, mass/volume

The excretion.formulations for other organisms such as fish or benthic
animals is the same as for zooplankton. Respiration rate formulations for
algae and zooplankton are discussed in Section 6.5 (Chapter 6) and 7.4
(Chapter 7), respectively. The nutrient compositions of algae are presented
in Tables 6-2 to 6-4 of Chapter 6. The nutrient compositions of zooplankton
are typically assumed to be the same as for algae in fixed stoichiometry
models so that nutrient mass is conserved as biomass cycles through the food
web. 271.



5.11 SEDIMENT RELEASE

Three major approaches have been used to simulate nutrient release from
the sediments in water quality models. The simplest approach is to specify
an areal flux from the bottom in the mass balance equations for dissolved
nutrients. This technique is commonly used in river models and in models
which do not dynamically simulate sediments as a separate constituent (e.g.,
QUAL-II (Roesner et al., 1981), DOSAG3 (Duke and Masch, 1973), and HSPF
(Johanson et al., 1980)). Sediment release rates are highly site-specific,
and are determined largely by model calibration of the dissolved nutrients.

The second approach is to model sediment nutrients as a dynamic pool
using a mass balance equation such as Equation (5-4). In this method,
nutrients are released according to a first-order decay rate:

Rs =a KSed Sed (5-24)
where RS = sediment release rate of nutrient S, mass/volume-time
ag = stoichiometric ratio of nutrient per mass organic sediment
Keq = Organic sediment decay rate, 1/time i
Sed = concentration of organic sediment, mass/volume

The organic sediment pool increases as algae and suspended organic detritus
settle to the bottom, and decreases as the sediment decomposes. This
approach is used in LAKECO (Chen and Orlob, 1975), Chen et al. (1975), WQRRS
(Smith, 1978), CE-QUAL-R1 (WES, 1982), EAM (Tetra Tech, 1979), and ESTECO
(Brandes, 1976). In some models, a fraction of the settled particulates is
~ assumed to be refractory and unavailable for mineralization.

The third approach to modeling sediment release uses a more complex
mechanistic approach in which: 1) organic sediments undergo the same decay
sequences as particulate organics in the water column but with the decay
products going to the interstitial water rather than the overlying water,
and 2) the nutrients in the interstitial waters diffuse to the overlying
water at a rate depending on the concentration gradient between the
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interstitial water and overlying water. This approach is used in some
versions of WASP (e.g., Di Toro and Connolly, 1980; Thomann and Fitzpatrick;
1982). A few models also include denitrification in the transformation
reactions.

Nyholm (1978) simulates sediment release dynamically without actually
modeling sediments by assuming the release rates equal the product of a
temperature dependent coefficient times the sedimentation rates of algal and
detrital nutrients to the bottom.

5.12 SUMMARY

Carbon, nitrogen, phosphorus, and silicon are the major growth limiting
nutrients included in water quality models. Nitrogen is also important
because of the effects of nitrification on dissolved oxygen dynamics and
because of ammonia toxicity. A1l nutrients recycle continuously in the
water column between particulate and sediment forms, dissolved organic
forms, dissolved inorganic forms, and biotic forms. The important processes
are decomposition of organic particulates and sediments, decay of dissolved

organic to inorganic forms, chemical transformations such as nitrification,
photosynthetic uptake of dissolved inorganic forms, and soluble and

particulate excretion by aquatic organisms. Denitrification and nitrogen
fixation are also important in some situations.

First-order kinetics are used in almost all models to describe the
various decay processes and transformations. The exponential Arrhenius or
van't Hoff relationship is used to adjust the rate coefficients for
temperature effects. Some of the processes are modified by Michaelis-Menten
type saturation kinetics in a few models. Uptake and excretion are based on
algal growth rates and algal and zooplankton respiration rates combined with
the nutrient stoichiometries of the organisms. More complex formulations
are used for nutrient uptake in vartiable stoichiometry models. Sediment
release rates are usually modeled either by specifying a nutrient flux or
modeling sediments as a nutrient pool subject to first-order decay. A few
models use more complex formulations which include decay reactions in the
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interstitial waters and diffusion between the interstitial waters in the
sediment and the overlying water column.
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